abstract: After meiosis, during the final stages of spermatogenesis, the haploid male genome undergoes major structural changes, resulting in a shift from a nucleosome-based genome organization to the sperm-specific, highly compacted nucleoprotamine structure. Recent data support the idea that region-specific programming of the haploid male genome is of high importance for the post-fertilization events and for successful embryo development. Although these events constitute a unique and essential step in reproduction, the mechanisms by which they occur have remained completely obscure and the factors involved have mostly remained uncharacterized. Here, we sought a strategy to significantly increase our understanding of proteins controlling the haploid male genome reprogramming, based on the identification of proteins in two specific pools: those with the potential to bind nucleic acids (basic proteins) and proteins capable of binding basic proteins (acidic proteins). For the identification of acidic proteins, we developed an approach involving a transition-protein (TP)-based chromatography, which has the advantage of retaining not only acidic proteins due to the charge interactions, but also potential TP-interacting factors. A second strategy, based on an in-depth bioinformatic analysis of the identified proteins, was then applied to pinpoint within the lists obtained, male germ cells expressed factors relevant to the post-meiotic genome organization. This approach reveals a functional network of DNA-packaging proteins and their putative chaperones and sheds a new light on the way the critical transitions in genome organizations could take place. This work also points to a new area of research in male infertility and sperm quality assessments.
Introduction
Despite the fact that many causes of infertility remain unknown, in most cases, it is now possible to circumvent the problem by using assisted reproductive technologies (ARTs). ICSI into the egg now allows fertilization in many cases of male-related or unexplained infertility cases, when the spermatozoa would not be numerous or 'fit' enough to reach and fuse with the oocyte. Although in some cases these approaches can be successful and lead to the birth of an apparently healthy baby, in many cases, the embryos do not develop to term (Oliva et al., 2007; Palermo et al., 2009; Maggiulli et al., 2010; Hotaling et al., 2011) . There are of course many explanations for these failures, including female inability to support development, but it is clear that the normal constitution of the male genome, which is injected into the oocyte, is of crucial importance for the development of a healthy embryo.
The sperm genome is the result of major structural changes taking place during the final stage of spermatogenesis, in spermatids. Immediately after meiosis, round spermatids inherit a haploid genome packaged in a nucleosome-based structure, where DNA is wrapped around an octamer of core histones. During spermatids elongation and condensation, nearly all histones are removed and successively replaced by transition proteins (TPs), which are themselves later replaced by protamines (Prms) (Lewis et al., 2003; Caron et al., 2005) . The resulting sperm DNA is tightly associated with these highly basic small proteins forming the nucleoprotamine structure. This compact structure ensures the protection of the precious male genome, which will have to be delivered to the female oocyte, as intact as possible, after a long and risky journey.
The existence of surviving nucleosomal structures within the sperm nucleus was initially suggested by electron microscopy observations (Gusse and Chevaillier, 1980; Gatewood et al., 1987; Pittoggi et al., 1999) and high performance liquid chromatography (Gatewood et al., 1990) . It was estimated that nucleosomes are associated with 2-4 and 15% of mouse and human sperm DNA respectively. An important question is whether the distribution of the two structures, nucleosome and nucleoprotamine, is random along the genome or whether the nucleosomal components specifically associate with specific regions of the male genome. Two pioneer studies first attempted to answer this question by mapping histones and Prms on specific genomic regions (Gardiner-Garden et al., 1998; Wykes and Krawetz, 2003) . The first addressed the question by examining several members of the beta-globin gene family expressed at different times in development (Gardiner-Garden et al., 1998) and the second study by focusing on the human PRM1-PRM2-TNP2 locus, several imprinted loci, as well as telomeric repetitive sequences (Wykes and Krawetz, 2003) . Both studies showed that several specific regions escape the genome-wide transition into nucleoprotamine structures, and that these regions could correspond to genes important for the early embryonic development.
Precise mapping of nucleosomes on the sperm genome in several species, including the human and the mouse (Arpanahi et al., 2009; Hammoud et al., 2009; Brykczynska et al., 2010) has recently been published. Although different experimental strategies were used for the mapping of nucleosome-rich regions in mature sperm, all three studies clearly demonstrate that in human and mouse sperm, genes of importance for embryo development bear nucleosomes with distinctive modifications, suggesting a specialized packaging of developmental genes in the male germline.
These observations strongly suggest that it is important that some genomic regions escape the global nucleoprotamine packaging, but the true biological significance of a specific marking of some regions or genes within the male genome remains to be discovered.
The investigations published so far have mainly focused on a description of the mature sperm nucleus. Very few studies have investigated the molecular mechanisms involved in the global structural transitions and the region-specific genome re-organizations of the male genome. Questions such as the mechanisms involved in the disappearance (and degradation) of histones, the incorporation of TP, their role and their removal and the final incorporation of Prms have remained unanswered (Gaucher et al., 2010) .
Along this line of investigation, we found that, in the male germ cells before the global histone to protamine exchange, the paternally and maternally imprinting control regions (ICRs) bear differential histone modifications (Delaval et al., 2007) . This observation suggests that chromatin differences could influence the way ICRs are assembled into specific structures during final sperm maturation, which would be transmitted through fertilization and influence important events during development.
Additionally, we have recently discovered a group of late-expressing histone variants synthesized and incorporated when other histones are removed. We could also show that these variants participate in a specific organization of pericentric regions Wu et al., 2008) . These histones and other yet unknown genomepackaging proteins could also organize other important regions of the male genome. It is therefore crucial to characterize all the possible DNA-packaging structures in order to obtain a thorough description of the male epigenome. This however requires a prior identification of all the potential structural elements, which could organize the genome in post-meiotic male cells.
Here, we describe a specific approach based on the proteomic analyses of two types of essential protein pools from post-meiotic cells with regard to the issue discussed above: on the one hand, an acid soluble nuclear extract which is constituted of basic proteins potentially capable of interaction with nucleic acids, and on the other hand, acidic proteins which have the potential of acting as chaperones for the basic genome interacting proteins. The proteomic data were then refined by confrontation with expression and functional analyses, which led not only to the establishment of a list of relevant factors involved in the post-meiotic packaging and programming of the male genome, but also into a functional relationship between them. Finally, this approach also identified potential male infertility candidate genes allowing a better characterization of male infertility in general and, in the long-term, a better quality assessment of sperm cells to be used in ART.
Materials and Methods

Purification of germ cells
Fractions enriched in spermatogenic cells at different stages of maturation were prepared using a bovine serum albumin (BSA) gradient as described in Pivot-Pajot et al. (2003) . Nuclei were prepared as described previously (Govin et al., 2006) .
Nuclei of spermatids at steps 12 -16 were purified by sonication of testicular germ cells, as described in Marushige and Marushige (1978) . This technique takes advantage of the specific resistance to sonication of late spermatids, to eliminate the other testicular cells and prepare pure spermatids nuclei suspension.
TP1 chromatography strategy
A TP1-expressing cDNA was cloned in a bacterial expression vector and used to produce and purify the corresponding protein (not shown). Purified TP1 (or BSA as a control) was used to coat CNBr (Cyanogen bromide)-activated beads and prepare the corresponding columns. Nuclear extracts were then prepared following two methods: (i) fractionated post-meiotic germ cells enriched in round spermatids or in elongating and condensed spermatids (ECS), (ii) condensed spermatids (CS) nuclei obtained after sonication (stages 12-16 spermatid nuclei are resistant to sonication, which enables their efficient and rapid purification).
These extracts were then applied to our TP column and to the BSA-coated column (used as a control). After several washes, the retained proteins were eluted and visualized on a sodium dodecyl sulfate (SDS) -polyacrylamide gel electrophoresis (PAGE) gel (Fig. 1) . The proteins were then identified using mass spectrometry as above.
TP1 production and purification
TP1 cDNA has been cloned in pET 28 vector. TP1 expression was induced by 2 mM isopropyl-beta-D-thiogalacto-pyranoside for 1 h at 378C, at an optical density of 0.7.
The purification of TP1 takes advantage of the extreme basic property of this protein, which is soluble at very low pH. Acid soluble proteins are extracted directly from the cell pellet by sonication in perchloric acid 5%, followed by a 30 min incubation on ice. Extracts are centrifuged at 5000g during 10 min at 48C, and soluble proteins are precipitated by adding trichloroacetic acid (TCA) at a final concentration of 20%. An incubation of 30 min on ice is followed by a centrifugation at 5000g for 10 min at 48C. The pellet is washed in acidified acetone (acetone HCl 0.01%), and then in Figure 1 Identification of factors involved in post-meiotic male genome re-organization by proteomic analysis: outline of the strategy cells at different stages of spermatogenesis were processed on two complementary pipelines. First, acid soluble proteins were purified and analyzed by MS. Second, nuclear extracts were loaded on a chromatography column, coated with TP1 protein (TP). A control column coated with BSA was used as a control (Ct). Proteins specifically bound to TP1 were eluted, and analyzed by SDS -PAGE (see gel). They were identified by mass spectrometry. Identification results from the two approaches were pooled, and the corresponding factors were assessed for (i) their pattern of expression in normal tissues to identify those with a predominant or restricted expression in male germ cells and those highly expressed in post-meiotic cells and (ii) functional categories and network using IPA. This information was used to generate maps of a functional network of proteins involved in the reorganization of chromatin during the post-meiotic differentiation of sperm.
Nuclear proteome of post-meiotic male germ cells acetone. The pellet is quickly dried, and proteins are resuspended in H 2 O, aliquoted and stored at 2808C.
Preparation of the resin coated by TP1
TP1 was crosslinked to CNBr-activated agarose beads (GE Healthcare) following the manufacturer's instructions. Briefly, 1.5 g of dried resin in resuspended and activated with 300 ml of HCl 1 mM. The resin is then washed in the coupling buffer (NaCl 0.5 M, NaHCO 3 0.1 M pH 8.3). Half of the resin is incubated for 2 h at room temperature with a saturating amount of TP1, whereas the other half is incubated with a saturating amount of BSA. The reaction is quenched in glycine 0.2 M pH 8 for 2 h at room temperature. Finally, the resin is washed extensively with two buffers (buffer 1: Na acetate 0.1 M pH 4, NaCl 0.5 M buffer 2: Tris 0.1 M pH 8, NaCl 0.5 M), and stored at 48C in Tris 0.1 M pH 8, NaCl 0.5 M, NaN 3 0.05%.
Preparation of nuclear extracts from sonication resistant spermatids for TP1 chromatography
Sonication resistant spermatids were resuspended in the extraction buffer 1 [EB1, Tris 50 mM pH 8, NaCl 150 mM, NP-40 1%, deoxycholic acid 0.5%, SDS 0.1%, dithiothreitol 1 mM and Protease inhibitor Cocktail Complete (Roche)]. Cells were briefly sonicated in EB1, incubated 15 min on ice, followed by a centrifugation of 10 min at 48C at 10 000g. The supernatant is saved (see below) and remaining proteins are extracted from the pellet following the same procedure and using EB2 (same as EB1, except for NaCl 1.2 M). Similar extracts in EB1 and EB2 are mixed, and NaCl concentration is adjusted to 150 mM final using EB0 (similar to EB1 but no NaCl).
Preparation of nuclear extracts from sedimentation fractionated round, ECS for TP1 chromatography
Nuclear extracts from fractions enriched in spermatogenic cells were obtained by sonication of the nuclei in EB1, followed by an incubation of 15 min on ice and a centrifugation of 10 min at 10 000g at 48C. The supernatant contains the soluble proteins.
Purification of TP1 interacting proteins
Resins, coated respectively with BSA or TP1, were pre-washed extensively in EB1. Protein extracts were then incubated with the resins for 2 h at 48C under agitation. Beads were extensively washed in EB1. Bound proteins were eluted with gel loading buffer and analyzed by SDS -PAGE.
Acid extraction of proteins from ECS
Acid soluble proteins from ECS were extracted in sulfuric acid at 0.2 N (as described in Govin et al. 2006 ; Supplementary data).
Acid extraction
Proteins were extracted by direct sonication of spermatogenic cells in sulfuric acid (0.2 N). After 30 min on ice, acid soluble proteins were recovered by centrifugation at 20 000g for 15 min at 48C followed by TCA precipitation (at 20% final). Precipitated proteins were washed in acetone HCl 0.05% and then in acetone, and resolubilized in H 2 O, trichostatin A 300 nM and antiprotease cocktail Complete (Roche). The quality of extraction was controlled by SDS -PAGE gel stained with Coomassie.
Protein identification by mass spectrometry (as described in Govin et al., 2006 ; Supplementary data).
Protein identification by mass spectrometry
After separation by SDS -PAGE, discrete bands were excised from the Coomassie blue-stained gel. The in-gel digestion was carried out and gel pieces were then sequentially extracted with 5% [v/v] formic acid solution, acetonitrile 50%, formic acid 5% [v/v] and acetonitrile.
For matrix-assisted laser desorption/ionization time of flight mass spectrometer (MALDI-TOF-MS) analyses, a 0.5 ml aliquot of peptide mixture was mixed with 0.5 ml matrix solution [a-cyano-4-hydroxycinnamic acid at half saturation in 60% acetonitrile/0.1% trifluoroacetic acid (TFA) (v/ v)]. The resulting solution was automatically spotted on the target plate. After drying, the sample was rinsed with 2 ml of 0.1% TFA.
Peptides mixtures were then analyzed with a MALDI-TOF mass spectrometer (Autoflex, Bruker Daltonik, Germany) in reflector/delayed extraction mode over a mass range of 0 -4200 Da. For each sample, the spectrum acquisition was performed after an external calibration using a mixture of four synthetic peptides (angiotensin II, m/z 1046.54 Da; substance P (a neuropeptide with the following sequence Arg Pro Lys Pro Gln Gln Phe Phe Gly Leu Met), m/z 1347.74 Da; Bombesin, m/z 1619.82 Da and adrenocorticotrophic hormone clip18-39, m/z 2465.20 Da). Spectra displaying the best peak intensities and resolutions were automatically saved and subsequently annotated (XMass software, Brucker Daltonik). All peptide masses were assumed to be monoisotopic and [M + H] + (protonated molecular ions). For Mascot database searching the maximum number of missed cleavages was set to 1 and the mass tolerance was limited to + 100 ppm. In most cases, proteins showing a score higher than 70 and an average coverage of 20% were automatically validated. When proteins exhibited scores lower than 70 and coverage lower than 20%, a manual inspection of the data was needed: if no or unclear identification is obtained after a MALDI-TOF analysis, the sample was submitted to a nano-LC-MS/MS analysis. For LC-MS/MS analyses, after drying, tryptic peptides were resuspended in 0.5% aqueous TFA. The samples were injected into a CapLC (Waters) nanoLC system and first preconcentrated on a 300 mm × 5 mm PepMap C18 precolumn. The peptides were then eluted onto a C18 column (75 mm × 150 mm). The chromatographic separation used a gradient from solution A (2% acetonitrile: 98% water: 0.1% formic acid) to solution B (80% acetonitrile: 20% water: 0.08% formic acid) over 35 or 60 min at a flow rate of 200 nl/min. The LC system was diectly coupled to a QTOF Ultima mass spectrometer (Waters). MS and MS/MS data were acquired and processed automatically using MassLynx 4.0 software. Mascot was used for database searching and proteins, which were identified with at least two peptides showing both a score higher than 40, were validated without any manual validation. For proteins identified by only one peptide having a score higher than 40, the peptide sequence was checked manually. Peptides, with scores higher than 20 and lower than 40, were systematically checked and/or interpreted manually to confirm or cancel the MASCOT suggestion.
For both MALDI and LC-MS/MS data, database searching was carried out using the MASCOT 2.0 program available intranet. Two databases were used: a home-made list of well-known contaminants (keratines and trypsin) and an updated compilation of SwissProt and Trembl databases (ftp://us.expasy.org/databases/sp_tr_nrdb/) specifying Mus as the species. For searching the Mus database, the variable modifications allowed were: acetyllysine, N-ter acetylation, dimethyl-lysine, methyllysine, protein N-acetylation, methionine oxidation, serine and threonine phosphorylation, methionine sulphone and cysteic acid.
TP2 immunoprecipation from testis soluble protein extract
TP2 was immunoprecipitated using anti-TP2 goat polyclonal antibody (Santa Cruz Biotechnology) from whole testis extract (C57BL/6). Immunoprecipitation (IP) and wash were performed with buffer HEPES 50 mM, pH 8, Nuclear proteome of post-meiotic male germ cells 4 -12% Bis -Tris SDS -PAGE (NuPAGE Precast gel, Invitrogen), transferred on nitrocellulose membrane (Hybond C extra, GE) and probed with anti-TP2 goat polyclonal antibody (Santa Cruz Biotechnology) and HSP70.2 (gift from Dr Eddy). IP with goat serum served as control.
Results
Purification of new potential genome-packaging proteins from post-meiotic male germ cells and their putative chaperones
In order to tackle the issue of the comprehensive identification of proteins relevant to the final packing of the male genome and the establishment of its associated epigenome, we sought a strategy based on the identification and characterization of two pools of proteins from male mouse post-meiotic germ cells (outlined in Fig. 1 ). First, we focused our attention on an acid soluble fraction from post-meiotic cells at different stages. Acid extracts contain all the DNA-packaging proteins such as histones and sperm-specific nonhistone proteins such as TPs and Prms (Govin et al., 2006) . This fraction is therefore susceptible to contain additional yet uncharacterized DNA-packaging proteins.
The second pool of interest is that of acidic proteins, which could encompass chaperones involved in the assembly or disassembly of the genome-organizing proteins. An ion-exchange chromatography is normally used to retain and fractionate acidic proteins from an extract. In our case, we designed a new chromatography strategy to combine both the ion-exchange principle and that of affinity purification, by preparing a column filled with TP-coated beads. TPs' highly basic charge is enough to retain major acidic proteins and act as a cation-exchange support, and additionally, it allows the retention of proteins in the extract with particular affinity for TPs.
In total, 70 proteins were found as the result of the proteomic identifications carried out in the extracts, including 46 found in the acid soluble extract of ECS and 29 in the TP1 chromatography experiments [listed in Table I , complementary information in Supplementary data, Tables S1-S3, respectively detailing, for each factor, the identification approach (Supplementary data, Table S1), the peptide sequences and Mascot scores (LC-MS/MS, Supplementary data, Table S2 ) and the sequences peptides (MALDI, Supplementary data, Table S3 )]. Five proteins were found in both the acid soluble extracts as well as in the TP1 chromatography experiments (indicated in red in Table I ).
Identification of male germline expressed proteins involved in post-meiotic genome organizations
Because of the very unique nature of genome reorganizations taking place in the post-meiotic phases of spermatogenesis, we wished to focus our attention on the testis-expressed proteins of our list. We have consequently set up a strategy to rapidly assess the expression pattern of factors based on the analysis of the expression of the corresponding genes in normal adult mouse tissues. For this purpose, we exploited transcriptomic data for normal mouse tissues available in GEO (Gene Expression Omnibus: GSE10744 and GSE9954). Transcriptomic data were available for 65 genes, of which 11 had levels of expression similar in all tissues, but 54 had a predominant expression in one particular tissue. Twenty-two genes showed a predominant expression in testis, and for 16 of them only testis ESTs were found, suggesting a restricted expression in testis. Another 10 genes were predominantly expressed in embryonic stem (ES) cells (Fig. 2A) .
Because our candidate factors of interest are expected to act more specifically during post-meiotic phases, we have also considered the stage-specific pattern of their expression to identify the ones which are predominantly expressed in haploid cells. This time transcriptomic data (GSE21749 and GSE4193) from male germinal cells taken at different stages of spermatogenesis, including spermatogonia, spermatocytes and spermatids were analyzed in the same way as above. The data obtained show that a majority of the genes of the lists are predominantly expressed in post-meiotic cells, particularly the testis genes of which 3 4 are post-meiotic genes (Fig. 2B) . Table I shows the detailed results of the expression analysis of our list of proteins, which pinpoints a group of proteins of high interest regarding their possible function in the post-meiotic male genome reorganization. 
Functional annotations of the identified proteins
We completed the assessment of our protein list by defining functional categories using the gene ontology terms available for these factors (Fig. 3A) . As expected, a large majority of the factors identified in the acid soluble extract belonged to the histone family or non-histone small basic proteins, whereas the most represented proteins in the TP1 pull down extracts are chaperones or stressrelated factors.
Interestingly the identity of 11 proteins, including two shared by both experiments the H 2 SO 4 soluble extract and the TP1 column, revealed that they belong to the chaperone functional category. heat shock protein 2 (HSPA2), a testis-specific member of heat shock protein, was found in both preparations. Previously, we had identified HSPA2 as an acidic protein, which was systematically solubilized with Nuclear proteome of post-meiotic male germ cells TPs in acid solutions and proposed that it could act as a chaperone for TPs (Govin et al., 2006) . Here we also found HSPA2 as a protein retained on our TP-chromatography column highlighting the fact that, independent of its negative charge, the proteins may present a specific affinity for TPs. Since we now have access to a very good anti-TP2 antibody, we decided to prepare soluble testis extracts containing in principle non-assembled TPs and to use it for an IP to definitely show that HSPA2 is actually chaperoning soluble TP2. Figure 3B shows the efficient co-IP of HSPA2 with TP2 in the soluble extracts while only background signal was observed when the same amount of an irrelevant antibody was used. This experiment also suggests that all TP2 are not associated with HSPA2, since the latter is not visible on the Coomassie gel while TP2 can clearly be identified.
It is of note that, like HSPA2, other stress factors identified here may in fact also be chaperones for the very basic DNA-packaging proteins expressed in the post-meiotic phases and therefore could generalize the role of the stress chaperones in the assembly of genome-organizing structures.
Assessment of known and putative functions reveals a network of proteins involved in the haploid male genome-packaging structures and their assembly
In order to unravel a functional hierarchy between the post-meiotic proteins of interest, a search for networks using the ingenuity pathway analysis (IPA) software was performed. IPA enables an integrated analysis of the data of the literature of genes and proteins of three species, including human, mouse and rat, as well as of various molecules, for a given list of factors/molecules. Based on these data, it classifies them into functional categories, finds links between them and establishes networks and pathways. Interestingly the network which came out with the highest significance is named 'Cellular Development, Reproductive System Development and Function, Organismal Development' and is linking the histone and histone-like proteins with the chaperones present in the extracts (Fig. 4) . This observation highlights and confirms that, at this stage of our knowledge, many of the factors identified are indeed very excellent candidates for being either the structural proteins or their chaperones involved in the male genome post-meiotic re-structuration.
Discussion
Four chaperones, nuclear autoantigenic sperm (NASP), Nap1L4, HSPA2 and nucleoplasmin 3 (NPM3) appear to constitute a central node in the assembly of post-meiotic nucleosomal and nonnucleosomal DNA-packaging structures. Our previous work had previously indicated a role for HSPA2 in chaperoning TPs [ (Govin et al., 2006) , see Fig. 4 interaction #14) ]. Here we could not only confirm this finding but also place other important chaperones in the heart of these genomic organizations. For instance, an interaction between cofilin1 (Cfl1), identified in our study among the TP1-binding postmeiotic proteins, and H2A.X, present in the acido-soluble fraction of post-meiotic spermatids, has been reported in hepato-carcinoma cells [ Fig. 4 : interaction #13, (Yang et al., 2010) ], suggesting that Cfl1 could also interact with H2A.X in post-meiotic cells and probably other histone and non-histone DNA-packaging proteins. Moreover, the presence of acidic chaperones in the acido-soluble fraction, such as HSPA2 (p ¼ 5.5), Tcp1 (p ¼ 5.8), cct3 (p ¼ 6.3) and npm3 (p ¼ 4.7), in post-meiotic cells suggests a strong interaction between them and some of the basic proteins. It is interesting to note that at the stages considered no replication coupled chromatin assembly takes place and that the chaperones identified are either involved in the assembly of nucleosomes with particular histone variants expressed in these cells or involved in the genome-wide nucleosome disassembly.
Hence this work reveals that the major constituents of the nuclear proteome of post-meiotic cells include:
(1) A variety of DNA-binding proteins, responsible for the heterogeneous nature of the sperm genome, and which provide a molecular basis of the male epigenome establishment conveying the (1) Protein -protein interactions detected by Ingenuity analysis between proteins of the chaperone categories and DNA-binding proteins (linker or core histones, HMG family and testis-specific basic proteins) (red lines) (1) (3) (5) (6) (7) (Richardson et al., 2000) : Pull down, anti bait coimmunoprecipitation, reverse-phase high pressure liquid chromatography (RP HPLC) (2) (Rual et al., 2005) : two-hybrid assay;(2) (Osakabe et al., 2010) : pull down. (4) (Alekseev et al., 2005) : Immunoblot (8) (9) (10) (11) (Rodriguez et al., 1997) : pulldown assays (12) (Pradeepa et al., 2009) : affinity chromatography; pulldown assay (13) (Yang et al., 2010) : anti tag coimmunoprecipitation. (2) Protein -protein interactions found in the literature between proteins of the chaperone categories and DNAbinding proteins (histones or testis-specific basic proteins); two interactions were added to the IPA network (purple lines): (14) (Govin et al., 2006) : interaction between the chaperone HSPA70.2 and transition protein TP2 in male germ cells; this interaction is also shown in the IP experiments of Fig 3b (15) (Tagami et al., 2004) : NASP belongs to chromatin assembly factor 1 and histone cell cycle regulation defective homolog A complexes respectively interacting with the core histones H3.1 and H3.3.(3)Interactions detected by Ingenuity analysis between proteins of the chaperone categories and RNA of testis-specific basic proteins (gray arrows) (16) (17) (Yang et al., 2005) : IP and suppression subtractive hybridization.(4) Interaction detected by Ingenuity analysis between chaperone proteins Hspa2 and Nasp (dark blue line) (18) (Alekseev et al., 2009) : affinity chromatography and pull down assays. The dotted red lines represent putative interactions, which remain to be investigated.
epigenetic information which will be transmitted to the embryo. (2) Factors interacting with these proteins, which could play a major role in the incorporation of specific DNA-binding proteins to specific regions of the male genome, among which a large proportion of factors with known chaperone activity.
This work also opens the possibility that these chaperones ensure new functions in post-meiotic cells, similar to HSPA2 (Govin et al., 2006; Quenet et al., 2008) , by chaperoning testis-specific DNA-packaging proteins. Indeed, the proteins with known and putative chaperone activity identified in this study represent new candidate factors, which could play a central role in the post-meiotic histone to protamine transitions as well as in targeting histone variants and non-histone proteins to specific genomic regions. They could therefore be considered as important new 'fertility genes'. Interestingly, several of the factors identified here in mouse ECS are the mouse homologs to proteins recently identified in the human sperm proteome by (de Mateo et al., 2011) (as shown in the last column of Table I ), supporting the relevance of this list of important constituents of the mature sperm nucleus and potential human fertility factors. However, it should be stressed that the factors of our list whose homologs were not found in proteomic analyses of the mature human sperm probably also have human homologs playing important roles during post-meiotic genome re-organizations, but disappearing before the completion of spermiogenesis. This is for instance the case for TP, which are normally absent from mature spermatozoa.
Altogether the identified factors constitute a new source of male fertility factors, which are involved not only in producing mature spermatozoa but also in shaping and organizing the paternal genome, an essential step required for successful embryo development after fertilization. Therefore, a defect in one or several of these factors not only could cause male infertility but could also be associated with early development failure after ICSI. Investigating their function and their potential contribution to successful development would significantly enhance our capability of understanding and circumventing male infertility.
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